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One of the main problems found in the nuclear applications of graphite is its
dimensional instability under irradiation, involving both swelling and shape changes. In
order to understand better the mechanisms that give rise to these changes, highly oriented
pyrolytic graphite was irradiated with 300 keV electrons at temperatures between 25 and
657 °C in a transmission electron microscope (TEM). Microscopic dimensional changes
and structural disordering were studied in directions parallel and perpendicular to the
graphite basal plane. Changes in the specimen length were investigated by measuring
the distance between two markers on the specimen surface in TEM images. Changes
in the lattice parameter and the crystalline structure were studied by a TEM diffraction
technique. In agreement with reported results, large increases in the specimen length
and the lattice parameter were observed along the c-axis direction, whereas a relatively
small decrease was observed along the a-axis. In irradiation studies conducted at room
temperature, it was found that the dimensional change saturates at high dose, at an
elongation along the c-axis direction of about 300%. High resolution microscopy revealed
that the microstructure had become nanocrystalline. Electron energy loss spectroscopy
results showed that the volume change was recovered at this stage. These observations
are discussed in terms of point defect evolution and its effects on the microstructure
of irradiated graphite.
I. INTRODUCTION
Graphite is a material of choice in nuclear appli-
cations, both fission and fusion, due to its extremely
low neutron absorption cross section. However, it is
well known that its thermal and mechanical proper-
ties are altered in an irradiation environment capable
of producing displacement damage, whether the damag-
ing particles are neutrons, electrons, or ions.1"8 In such
environments, not only do these physical properties be-
come altered with increasing irradiation fluence, but also
substantial dimensional changes take place that must be
taken into account when designing nuclear components
or using ion beams to modify the material's surface.
Both dimensional and property changes are a result of
displacement damage. The microstructure that evolves
depends on damage rate, irradiation temperature, and
damaging particle. At temperatures of normal operation
in a reactor or those employed for ion implantation, the
developing microstructure is substantially different from
the initial one. In general, the residual damage is a mat-
ter of kinetics in which damage creation and annealing
are competing mechanisms of defect evolution. Thus, it
can be expected that residual damage at a given tempera-
ture and fluence will decrease as the displacement rate is
decreased, provided point defects are significantly mo-
bile. Increasing temperatures allow faster annealing of
damage by retarding, or even preventing at fairly high
temperatures, microstructural changes.
Microstructural evolution has been previously stud-
ied by transmission electron microscopy (TEM) of ion
implanted,1 ion irradiated,2 neutron irradiated,3 and elec-
tron irradiated graphite.4"8 For room temperature irradi-
ations with any one of the particle types, high resolution
electron microscopy (HREM) reveals a similar pattern of
graphite structure and evolution, a progressive disorder
with increasing dose. Selected area diffraction obser-
vations and electron energy loss spectroscopy (EELS)
of electron irradiated highly oriented pyrolytic graphite
(HOPG) are consistent with the HREM results.7'8 Al-
though crystalline order was found to persist along the
c-axis up to a dose of ~ 1 dpa (displacement per atom)
for 300 keV electrons and, for instance, to fluences on
the order of 1 X 1014 Sb-ions/cm2 at 30 keV,9 loss of
long range order was initiated in the basal planes as
manifested by the breakup of lattice fringes, observed
by HREM, into small segments 0.5 to 5 nm in length.
Rotation of these small segments by a small angle, —15°
relative to the original (0001) planes, was the signa-
ture of the initial irradiation-induced disordering process
and was interpreted as an actual fragmentation of the
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basal planes.7'8 In ion-irradiated graphite, swelling has
been detected1011 accompanied by anisotropic dimen-
sional changes, similar to those occurring under neutron
irradiation.12 Also, increasing ion damage revealed a
complete loss of crystalline order in three dimensions
at a dose of 1 X 1015 Sb-ions/cm2 at 30 keV, whose
HREM image showed no lattice fringes, but rather a tex-
ture resembling that of amorphous carbon.4'9 Although
amorphous carbon undergoes structural changes under
ion irradiation, as revealed by Raman spectroscopy,13'14
no measurements exist as to whether it also undergoes
dimensional changes. Concerning neutron irradiation,
on the other hand, there is no proof that prolonged
irradiations lead to an amorphous structure.15 However,
measurements in pyroiytic graphites demonstrate persis-
tence of dimensional changes to fairly high doses, on
the order of tens of dpa's.10
In terms of dose rates (dpa/s: displacement per atom
per second), electron irradiation is similar to ion irradi-
ation rather than to common neutron irradiation (on the
order of 1 X KT* to 1 X 10"3 dpa/s vs 1 X 1(T7 dpa/s
for neutrons). However, ion irradiation results in point
defect clustering due to an initial spacial distribution
of damage in a displacement cascade in contrast to
isolated point defects produced by electron bombard-
ment. On the other hand, the low dose rate employed
for neutron irradiation may favor recombination events
resulting in less clustering. It can thus be asked whether
irradiation effects produced by either class of irradiation
have common aspects with electron-irradiation generated
effects, and whether the latter can be used to interpret
irradiation effects under neutron or under ion irradiation.
Aiming at answering these questions, we have investi-
gated the changes in dimensions, lattice parameters, and
microstructure in HOPG produced by electron irradiation
in the temperature range from —25 °C and 657 °C.
II. EXPERIMENTAL PROCEDURE
Highly oriented pyroiytic graphite was sliced across
the basal plane orientation to a thickness of ~ 1 mm,
using a slow speed diamond saw. The slice was mechan-
ically ground on one side with a final grid size of 3 /urn
and mounted with epoxy on a slotted copper grid with the
ground side facing the copper grid. The other side was
further ground and dimpled to a thickness of less than
30 fjira. The specimen was then ion-milled to electron
transparency at room temperature, using 5 keV Ar-ions
until a perforation was formed. The specimen prepared
in this way has the graphite basal plane perpendicular to
the copper grid plane. Thus, the crystallographic c-axis
lies on the grid plane. The specimen was mounted on
a double-tilt heating stage for irradiation inside a TEM
at elevated temperatures. A foil with its surface normal
to the basal planes was prepared by slicing a thin slab
across the basal plane from HOPG. The thin slab was
next mounted on a slotted Cu grid, mechanically ground,
and ion milled to perforation.
An accelerating voltage of 300 kV was employed
for TEM. For normal operation such as in diffraction
or bright-field mode, the electron beam was spread to
minimize irradiation damage to the specimen during
observation time. For irradiation purposes, the elec-
tron beam was focused to a diameter of approximately
0.6 fxm. The flux was 6 X 1019 e/cm2-s, producing a
displacement dose rate of 5.2 X lO^4 dpa/s.7 Because of
the good thermal conductivity and the structural integrity
of HOPG, beam heating is relatively small (an estimated
value of 10 °C).
The specimen was irradiated at temperatures of 25,
146, 280, 420, and 657 °C. The dimensional changes
were studied by measuring the distance between conspic-
uous markers such as specimen edges and contamination
spots. Contamination spots are produced by focusing
the electron beam while heating the specimen at high
temperature for a short period of time. Structural changes
were observed by HREM. Lattice parameter variations
were obtained by measuring the distance of crystalline
spots in selected area diffraction patterns. Care was taken
to properly orient the specimen so as to satisfy a Bragg
diffraction condition accurately by strongly exciting a
desired diffraction spot. A room temperature irradiated
specimen was annealed stepwise up to 657 °C in situ
in the electron microscope in order to test the stability
of the irradiation-induced structural changes. Electron
energy loss spectroscopy was also employed to obtain
information on the density change of irradiated HOPG
through the plasmon peak shift.
III. RESULTS
A. Dimensional changes
The morphology of the specimen before irradiation
can be seen in Fig. l(a). The banded morphology in
the bright-field (BF) image is interrupted by breaks
along the basal planes, the upper edge borders with the
perforation produced during ion milling. These elongated
pores are most likely a result of specimen preparation
rather than a growth defect, and occur because of the
weak binding forces that exist between basal planes. The
c-crystallographic axis is perpendicular to the line of
the breaks, lying on the plane of the figure. Morpho-
logical changes occurring with increasing electron
fluence during irradiation at room temperature can be
seen in Figs. l(b) and l(c). Elongation along the c-axis
is clearly noticeable, as well as progressive contraction
along basal plane directions as the dose is increased to
0.50 dpa [Fig. l(b)] and 1.40 dpa [Fig. l(c)].
The dimensional changes were quantitatively studied
by irradiating a strip of graphite attached to the rest of
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FIG. 1. Bright-field images of HOPG specimen with the
c-crystallographic axis normal to the electron beam, before
irradiation (a) and after 300 kV electron irradiation to 0.50 dpa
(b) and 1.4 dpa (c). The irradiated region, indicated with an arrow
parallel to the basal plane, is easily visible at the center of the
micrographs. Notice the strong expansion along the c-axis direction
and the contraction normal to it on the plane of the micrograph.
the specimen by one end only. In this way, the specimen
can alter its shape and size with very little restraint
from the surrounding unirradiated crystal. Results for
room temperature irradiations are shown in Figs. 2 and
3. Figure 2 shows the morphological variations in BF
images, where the basal plane is parallel to the electron
beam incidence. The irradiated area is circled with a
dotted line, indicating the size of the electron beam.
It can also be noticed, looking at the image of the
unirradiated specimen, that the beam diameter is larger
than the width of the strip. After irradiation to 1.35 dpa,
considerable elongation along the c-axis occurred and the
entire beam was thereafter fully incident onto a specimen
area. Further irradiation to a dose of 5.0 dpa gave rise
to continuous elongation by 290% of the initial width of
the graphite strip. The irradiation-induced strain along
the c-axis as a function of dose is plotted in Fig. 3. It was
obtained from the measured distance change between the
edges farthest apart in the c-axis divided by the initial
strip width. As seen in this figure, the elongation rate is
initially fast up to a dose of ~0.2 dpa. A slower strain
increase follows at a constant rate up to 4.0 dpa. Beyond
the latter dose, the swelling rate shows saturation at a
strain level of approximately 300% at 6 dpa. However,
this is not the true saturation value, since above 1.35 dpa
the beam was no longer incident on the entire area being
measured. A larger saturation value would have been
obtained if a larger beam was employed to ensure that
the entire area was irradiated.
The dimensional change along the c-axis, Alc/lco,
was studied at elevated temperatures, and the results are
shown in Fig. 4(a). A/c is the change in height of the
strip, as seen in Fig. 1, and lco is the original height. At
all examined temperatures, progressive elongation was
observed with increasing electron dose. With increasing
temperature, on the other hand, the elongation rate
decreases. Notice that at a temperature between 420
and 657 °C this trend apparently reverts. This reversion
has also been observed upon neutron irradiation of
graphite above 600 °C.7 The dimensional change along
the basal plane was also measured, using markers of
contamination spots made outside the irradiated area.
The plotted value, Ala/lao, was calculated as the ratio of
the change in distance between the contamination spots,
A/fl, over the electron beam diameter, lao. The results
obtained at 146, 280, and 420 °C are shown in Fig. 4(b).
However, these values are lower than the actual strain
along the basal plane because the region being irradiated
is always augmented. Nonetheless, the strain along basal
plane directions is always compressive, contrary to the
strain along the c-axis direction. The negative value
always increases with dose and decreasing irradiation
temperature in the measured ranges.
The volume change cannot be calculated from the
values given in Figs. 4(a) and 4(b) not only because
the actual strain along the basal plane is less than the
values plotted in Fig. 4(b), but also because the beam
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FIG. 2. Bright-field images of an HOPG strip illustrating the radical morphological changes produced by 300 keV electron irradiation at
room temperature: (a) before irradiation, (b) after irradiation to 1.35 dpa, and (c) after irradiation to 5.0 dpa. The dotted circle indicates
the size of the incident beam.
intensity is not uniform. In order to calculate the volume
change within the present experimental conditions, we
have used a different TEM technique, electron energy
loss spectroscopy (EELS), which allows one to probe
a central area exposed to irradiation throughout one
experiment.
O.o
dose (dpa)
FIG. 3. Room temperature irradiation-induced strain along the c-axis
as a function of dose showing saturation after a dose of ~ 4 dpa.
B. Structural evolution
Structural changes caused by irradiation were stud-
ied by examining selected area diffraction (SAD) pat-
terns after irradiation to a dose of 1 dpa. When the
specimen was irradiated along the [1210] direction,
strong diffuse intensities concentrated around the 0002
spot of crystalline graphite, as seen in Fig. 5, indicat-
ing the retention of crystalline order along the c-axis.
By contrast, when the specimen was irradiated along the
[0001] direction, a continuous diffuse ring was observed
as shown in Fig. 6(a). The_ radius of the first ring is
close to the distance of the 1100 spot of the crystal struc-
ture. The occurrence of the diffuse ring in the diffraction
pattern is generally interpreted as a characteristic of an
amorphous structure. However, when this specimen was
tilted in an arbitrary direction by 46°, an asymmetric
intensity was revealed inside the first ring, as shown in
Fig. 6(b). Therefore, independent of irradiation direction,
the periodicity along the c-axis is retained at least up to
a dose of 1 dpa. But, as the diffuse ring suggests, the
long range periodicity in the basal plane appears to be
lost by irradiation to this dose.
A specimen irradiated at room temperature to a dose
of 1.3 dpa was later annealed in the TEM starting at
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FIG. 4. Dimensional changes induced by irradiation at various
temperatures.
V.-'; ' • ' •. • ". . • ' V-\ -\''-.» FIG. 6. Selected area diffraction patterns after irradiation to a dose
of 1 dpa: (a) electron beam parallel to foil normal ([0001] direction),
and (b) foil normal tilted 46° relative to the electron beam.
63 °C. The temperature was increased stepwise by 20
or 30 °C, holding the specimen for about 300 s at each
step, and for 1 h at the highest reached temperature
of 657 °C. A comparison of the SAD pattern of the
annealed specimen shown in Fig. 7 with the pattern
shown in Fig. 5 reveals sharpening of the arc intensities
after annealing, indicating some recovery of the graphite
FIG. 5. Selected area diffraction pattern after irradiation to a dose of structure. However, the spread of basal plane orientations
1 dpa. Electron beam was parallel to the [1210] direction. remains, as indicated by the intensity distribution along
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FIG. 7. Selected area diffraction patterns after irradiation to a dose of
1.3 dpa and subsequent in situ annealing up to 1 h at 657 °C. Electron
beam was parallel to foil normal ([0001] direction).
a wide arc around the 0002 spot. The first indication of
this recovery was in fact noticed after the 450 °C anneal.
In order to understand the origin of swelling, the
atom-level structure and lattice parameter changes were
studied in further detail during room temperature irradi-
ation. The results of lattice parameter change are plotted
in Fig. 8 as fractional changes relative to an initial value
of lattice parameter determined by the position of the
0002 and the 1100 spots. The lattice parameter along the
c-axis direction is found to increase rapidly with in-
creasing dose and appears to attain a constant value 4%
larger at a dose larger than 0.05 dpa to 0.06 dpa. At
higher doses, the diffraction spot becomes too broad to
determine its position with reasonable accuracy. Along
the basal plane, the lattice parameter decreases with
increasing dose rapidly up to a dose of 0.03 dpa, then
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FIG. 8. Fractional changes of lattice parameters induced by irradia-
tion at room temperature, as a function of dose.
it decreases more gradually at higher doses. The crys-
talline spot remains sufficiently sharp to calculate lattice
parameter up to a dose of 0.18 dpa at which the lattice
parameter has decreased by nearly 2%.
The variation of the atom-level structure during
irradiation is shown in Fig. 9. The basal planes, oriented
parallel to the incident electron beam direction, are seen
edge-on before irradiation in Fig. 9(a). After irradiation
to 1 dpa, the lattice fringes of the basal planes are broken
up into small segments of 0.5 to 5 nm in length tilted
with respect to each other by an angle of approximately
15°. However, it is still easy to identify the persistence
of crystalline order along the c-axis in the image. After
irradiation to 6 dpa, the high resolution image taken from
the central part of the irradiated area shows no trace of
the original crystalline periodicity. Instead, the structure
can be described as randomly oriented nanocrystals
characterized by many well-defined sets of lattice fringes
observed on a nanometer scale.
C. Electron energy loss spectroscopy
The density change during electron irradiation was
deduced from the plasmon peak shift in the electron
energy loss spectra. It was assumed that the number
of valence electrons per atom remained constant dur-
ing the structural evolution occurring during irradiation.
The energy loss spectra acquired from the unirradiated
specimen and after irradiation to 1 dpa and to 6 dpa are
respectively shown in Figs. 10(a)-10(c). The plasmon
peak position was determined by fitting the experimental
curves by a Lorentzian function. As already reported,7'8
irradiation to a dose of 1 dpa produces a density drop of
8.9%. However, after the higher dose of 6 dpa the initial
density is recovered.
IV. DISCUSSION
Under electron irradiation, the structure along the
basal plane becomes disordered and is associated with
fragmentation. We have previously suggested a frag-
mentation mechanism based on the interaction between
vacancies and interstitial clusters.8 It has been reported
that vacancies in graphite are immobile up to ~900 °C.16
On the other hand, interstitials are mobile well be-
low ambient temperature and may form planar clusters
consisting of 4 ± 2 atoms at temperatures lower than
300 °C.17 No interstitial loops were observed at these
low temperatures in electron-irradiated HOPG. In our
proposed mechanism, these small interstitial clusters
fracture the lattice at "soft" spots such as those where the
lattice has relaxed around vacancies. Computer modeling
of this mechanism allowed us to gain further understand-
ing on the force driving the fracture of the basal plane.18
We have shown that the tendency to recombination of an
interstitial and a vacancy remains very strong, even if the
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FIG. 9. High resolution lattice fringe images of HOPG: (a) before irradiation, (b) after a dose of 1 dpa, and (c) after a dose of 6 dpa.
interstitial belongs to a cluster. Because the interstitial
does not sever its bonding with the other atoms in the
cluster, the force driving to recombination destabilizes
the relaxed bonds around the vacancy, producing the
fracture and the tilting of the resulting fragment. This
means that atomic bonding with the cluster should be
more rigid than the relaxed bonding around the vacancy.
Upon recombination of a clustered interstitial with a
O
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X5
O
"5
10 20 30
Energy Loss (eV)
40
FIG. 10. Electron energy loss spectra showing zero-loss plasmon
peaks: (a) before irradiation, (b) after a dose of 1 dpa, and (c) after
a dose of 6 dpa.
vacancy, fracture is initiated at the "soft" spot in the basal
plane where the lattice has relaxed around the vacancy.
As the dose is increased and more locations in the basal
plane are fractured, it is likely that damage production
and recovery are balanced and that fragments interact to
form a nanocrystalline structure. It should be noted that
the final structure depends on kinetic restrictions and is
controlled by a dynamical balance between damage pro-
duction and recovery. If damage production rate is much
faster than that employed in the present experiment, the
fragment size is expected to become smaller and may
lead eventually to amorphization.
In fact, low dose ion irradiation at room tempera-
ture appears to produce a damage structure entirely
similar to the damage induced by electrons. However,
at higher doses the formation of an amorphous struc-
ture has been reported under room temperature ion
irradiation, e.g., 30 keV Sb or 30 keV Bi to doses of
1 X 1015 ions/cm2 (Ref. 9) as well as 35 keV C ion
irradiation to 1 X 1016 ions/cm2.19 Such a difference
between the irradiated structure produced by electrons
and by ions has been reported in many materials, and it
is due to the different damage structure caused by each
particle type: point defect formation by electrons versus
displacement cascade damage by heavy ions. Similar
to ions, neutrons are considered to form displacement
cascade damage. However, the structure observed by
HREM3 appears to be rather similar to that irradiated
by electrons. As discussed in Ref. 20, displacement
cascades in graphite are not as dense as in other close-
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packed materials because of the large space existing
between the basal planes which is much higher than the
screening radius of the carbon ion core.21 Considering
that neutron dose rates commonly existing in a reactor
environment are substantially lower than those employed
in ion irradiation, this low density of displaced atoms in
a cascade damage may be easily annealed out, leaving
a small number of point defects before another cascade
is formed.20 Therefore, it is very likely that there are
similarities between neutron and electron irradiations.
If a continuous neutron dose rate comparable to that
of ion irradiation could be used, neutron damage might
be expected to be similar to ion damage. On the other
hand, as the irradiation temperature is raised, recombi-
nation can become prevalent also under ion irradiation
due to increased interstitial mobility which combined
with a high rate of defect production results in a high
recombination rate. A remarkable decrease of irradiation
damage is certainly observed by Raman spectroscopy on
ion implantation at a temperature as low as 300 cc.10 '14
The annealing experiment indicated a recovery of
radiation damage produced by room temperature irradi-
ation. The distinct recovery was observed in the diffrac-
tion pattern above 450 °C. Although it was not detected
by the diffraction technique, damage recovery might
even have started at a lower temperature. Differential
scanning calorimetry has shown the onset of heat release
in neutron-irradiated graphite at 150 °C.22 As seen in the
temperature-dependent c-axis elongation, the magnitude
of the elongation decreases progressively with increasing
irradiation temperature caused by increasing damage
annealing. However, the magnitude of the elongation
was observed to increase slightly when the irradiation
temperature was increased from 420 to 657 °C. A similar
reversal trend has been observed in neutron-irradiated
graphite. The onset of a new damage annealing process
seems to occur between 420 and 657 °C and could lead
to a different pattern of microstructural evolution, but
the exact process is not known at the present time. This
change in behavior suggests that the irradiation-induced
growth mechanisms at higher temperatures may be quite
different from those occurring at temperatures lower than
—600 °C, and, hence, whether or not saturation occurs
is an open question.
High dose (5 dpa) room temperature electron irra-
diation of graphite showed a significant dimensional
change higher than reported under neutron irradiation
at 450 °C (a c-axis elongation of 200% after 70 dpa).
Following the results of neutron irradiation, it seemed as
though irradiation growth could proceed almost indefi-
nitely. However, in the present study we have demon-
strated that the dimensional change under 300 keV
electron irradiation at room temperature can saturate at a
c-axis elongation of Alc/lco > 300%. It might be argued
that the proximity of free surfaces plays an important role
in the attainment of damage saturation in the present
experiments. This argument is, however, countered by
the fact that saturation appears to be consistent with
the evolution of the HREM microstructure. The present
results clearly indicated a continuous transition from the
anisotropic to the isotropic structure with increasing elec-
tron dose. The transition takes place by the fragmentation
of basal planes and concomitant tilting of these frag-
ments, and finally the formation of a stable nanocrys-
talline structure. As the crystallinity is recovered on a
localized scale by forming nanocrystals, the local density
may also increase. This may be the explanation for the
density recovery calculated from the plasmon peak shift
during irradiation from 1 dpa to 5 dpa. On the other
hand, disordering along and near the nanograin bound-
aries is expected to give rise to a plasmon peak at a lower
energy position in addition to the one at the original
position. However, the EELS spectrum of the specimen
irradiated to 5 dpa did not show any notable peak at
a lower energy. In order to derive an accurate structural
model consistent with both the HREM and EELS results,
more work is needed, particularly quantitative evalua-
tion of the crystalline perfection within the nanograins
and the effects of disordered boundary regions on the
plasmon peak position.
The present results demonstrate that low dose irradi-
ation damage is not sufficient to predict microstructural
changes at higher doses. They also suggest that neutron
irradiation under reactor conditions, where the dose rate
is low, may be better simulated by electron than by
ion irradiation. A comparison of dimensional changes is
not straightforward. Due to the low defect production
rate under neutrons, a higher temperature is required
for effective clustering to take place. However, because
recombination is also enhanced, the total dose to pro-
duce equivalent effects should be higher. This point is
well illustrated with the example mentioned earlier of
a dimensional change produced by room temperature
electron irradiation to a dose of 5 dpa somewhat larger
than that produced by neutron irradiation at 450 °C to
a dose of 70 dpa. Whereas the electron damage was
already saturated, this was still not the case with the
neutron damage.
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